Abstract A global, 2-hourly atmospheric precipitable water (PW) dataset is produced from ground-based GPS measurements of zenith tropospheric delay (ZTD) using the International Global Navigation Satellite Systems (GNSS) Service (IGS) tropospheric products (∼80-370 stations, [1997][1998][1999][2000][2001][2002][2003][2004][2005][2006] and US SuomiNet product (169 stations, 2003-2006). The climate applications of the GPS PW dataset are highlighted in this study. Firstly, the GPS PW dataset is used as a reference to validate radiosonde and atmospheric reanalysis data. Three types of systematic errors in global radiosonde PW data are quantified based on comparisons with the GPS PW data, including measurement biases for each of the fourteen radiosonde types along with their characteristics, long-term temporal inhomogeneity and diurnal sampling errors of once and twice daily radiosonde data. The comparisons between the GPS PW data and three reanalysis products, namely the NCEP-NCAR (NNR), ECMWF 40-year (ERA-40) and Japanese reanalyses (JRA), show that the elevation difference between the reanalysis grid box and the GPS station is the primary cause of the PW difference. Secondly, the PW diurnal variations are documented using the 2-hourly GPS PW dataset. The PW diurnal cycle has an annual-mean, peak-topeak amplitude of 0.66, 0.53 and 1.11 mm for the globe, Northern Hemisphere, and Southern Hemisphere, respectively, with the time of the peak ranging from noon to late evening depending on the season and region. Preliminary analyses suggest that the PW diurnal cycle in Europe is poorly represented in the NNR and JRA products. Several
Introduction
Water vapor plays a key role in atmospheric radiation, the hydrological cycle and in understanding and predicting global climate change. Therefore it is vital to advance our understanding of water vapor variability, but such advancement is hampered by inadequate observations. Observations of atmospheric water vapor have traditionally been made using balloon-borne radiosondes. Unfortunately, the usefulness of radiosonde data in climate studies is limited, in part by sensor characteristics that vary substantially in time and space. Several studies and reports have called for the creation of global water vapor datasets with sufficient accuracy and temporal resolution, and, more importantly, long-term stability (e.g., GCOS 2004; CCSP 2005; Trenberth et al. 2005) . None of the existing radiosonde, satellite or blended datasets can meet these requirements.
There have been considerable efforts in deriving atmospheric precipitable water (PW) using ground-based Global Positioning System (GPS) measurements at high temporal resolution. The advantages of the GPS-derived PW data include continuous measurements, availability under all weather conditions, high accuracy (<3 mm in PW), longterm stability and low cost, all of which make the GPS PW data very compelling for climate studies (Ware et al. 2000) . However, the climate applications of the GPS-derived PW data have not been fully explored because of the lack of a global, long-term and continually updated GPS PW dataset.
Although there have been many regional analyses of groundbased GPS PW data (e.g., Dai et al. 2002) , there have been only a few studies (e.g., Hagemann et al. 2003; Deblonde et al. 2005 ) that take advantage of the growing network of the International Global Navigation Satellite Systems (GNSS) Service (IGS) stations around the globe, and the readily available zenith tropospheric delay (ZTD) data computed by the IGS (Beutler et al. 1999) .
Since 2004 there has been a project to create a global, 2-hourly PW dataset from ground-based GPS measurements and to use this dataset for a variety of scientific studies, with a focus on its climate applications. A comprehensive analysis technique has been developed to convert the ZTD to PW on a global scale (Wang et al. 2005 (Wang et al. , 2007 . The technique was applied to the global IGS ZTD data to produce a global, 2-hourly PW data set (Wang et al. 2007 ). Some of the applications of this dataset were highlighted in Wang et al. (2007) . In addition, Wang and Zhang (2008) describe an application of this dataset to characterize systematic errors of global radiosonde PW data. The analysis technique and the updated global, 10-year (1997-2006) , 2-hourly GPS PW dataset are first briefly described in Sect. 2. Then two climate applications of the dataset are presented, namely evaluating radiosonde and reanalysis PW data (Sect. 3), and studying PW diurnal variations and comparing them with the reanalysis data (Sect. 4). In Sect. 5, several recommendations are made on improving future IGS tropospheric products for climate applications.
Data and analysis method
The IGS ZTD data are available from 1997 (at ∼100 stations) to 2006 (at 451 stations), at 2-hourly resolution before November 2006 and 5-min resolution afterwards. The ZTD data can be downloaded from three IGS data archive centers with about 2 ∼ 4-week delay from real-time. The 5-min ZTD data are linearly interpolated to the 2-hourly resolution. An analysis technique was developed to convert the ZTD to the PW on a global scale, and is summarized in Wang et al. (2005 Wang et al. ( , 2007 . Surface pressure (Ps) and water-vaporweighted atmospheric mean temperature (Tm) are two key parameters for this conversion. The ZTD is a sum of the zenith hydrostatic delay (ZHD) and wet delay (ZWD). The ZHD can be estimated from Ps; the ZWD is a function of PW and Tm. Ps was derived from global, 3-hourly surface synoptic observations with temporal and vertical adjustments. Tm was calculated from the NCEP/NCAR reanalysis with temporal, vertical and horizontal interpolations.
The analysis technique was applied to the 2-hourly ZTD data to create a global, 2-hourly PW dataset for the period from 1997 to 2004 (Wang et al. 2007 ). After Wang et al. (2007) , the PW dataset has been updated to December 2006 and will continue to be updated as other auxiliary data become available. The PW data are available every two hours (0100, 0300, 0500, …, 2300 UTC) from 80 to 370 IGS ground stations. In addition, the GPS ZTD product from the U.S. SuomiNet regional network has been processed using the same technique. As a result, the GPS PW data at an additional 169 stations in the contiguous US for [2003] [2004] [2005] [2006] are added to the global PW dataset. Figure 1 shows that the number of stations in 2006 in the PW dataset is 539, with 370 IGS and 169 SuomiNet stations. The PW dataset was compared with radiosonde, microwave radiometer, and satellite data in Wang et al. (2007) . The comparisons did not reveal any systematic bias in the GPS PW data and show a root-meansquared (rms) error of less than 3 mm. The PW dataset also consists of 2-hourly surface pressure derived from the synoptic observations, Tm from the NCEP/NCAR reanalysis, original ZTD, and calculated ZHD and ZWD.
The Integrated Global Radiosonde Archive (IGRA) produced by the National Climatic Data Center (NCDC) (Durre et al. 2006 ) are matched and compared with the GPS PW dataset in Wang and Zhang (2008) and in this study. Three atmospheric reanalysis products, the National Center for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) (NNR), the European Centre for Medium-Range Weather Forecasts (ECMWF) 40-year (ERA-40), and the Japanese Reanalysis (JRA), are matched in time and space and compared with the GPS PW data. The reanalysis data are available at 6-hourly resolution (0000, 0600, 1200, 1800 UTC) for the period of this study (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) , except ERA40, which is unavailable after August 2002.
Evaluation of radiosonde and reanalysis PW data
Global radiosonde data have been and will continue to be a valuable resource for weather prediction and studying long-term climate variations, but its climate applications are limited by sensor characteristics that vary substantially with time and space. Our motivation was to determine whether the GPS PW data can be used as an independent data source to characterize and possibly correct the biases in global radiosonde humidity data. The reanalysis generates a comprehensive global, multi-decadal dataset using a constant state-of-art numerical data assimilation technique with various past observations. The atmospheric reanalysis data are useful for a variety of climate and weather research applications. The GPS data have not been assimilated in any of the reanalysis products, so they are independent data sources for validating the reanalysis products.
The PW comparisons between radiosonde and GPS at ∼130 global radiosonde stations were presented in Wang and Zhang (2008) and are only briefly summarized below. New results (Figs. 2, 4) show comparisons at two US stations and at three stations with the full 10-year (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) GPS record, and are described below. In Wang and Zhang (2008) , for the first time, three types of systematic errors in global radiosonde PW data are quantified, including measurement biases of the 14 radiosonde types along with their characteristics, long-term temporal inhomogeneity and diurnal sampling errors of once and twice daily radiosonde data. Fourteen types of radiosondes use three types of humidity sensors: capacitive polymer, carbon hygristor and Goldbeater's skin. The capacitive polymer generally shows mean dry bias of −1.19 mm (−6.8%) with larger magnitudes during the day than at night, especially for Vaisala RS90 and RS92 radiosondes. On the other hand, the carbon hygristor and Goldbeater's skin hygrometers have mean moist biases of 1.01 mm (3.4%) and 0.76 mm (5.4%), respectively. The time series of monthly mean PW differences between the radio- Fig. 2 Median PW relative difference (in %, (IGRA-GPS)/GPS) for all data points in each 4-mm PW bin from GPS for each radiosonde type (VIZ-B2, Mark IIA and RS80H) at Corpus Christi, TX (TXCC72251) and Salt Lake City, UT, USA (SLCU72572). The numbers in the legend are averaged standard deviation (in %) of PW relative differences for each case. The median values with number of data points in each bin less than 40 are removed in the plot sonde and GPS are able to detect significant changes associated with known radiosonde type changes. Such changes would have a significant impact on long-term trend estimates. Diurnal sampling errors of twice daily radiosonde data are generally within 2%, but can be as much as 10-15% for the once daily soundings. In conclusion, Wang and Zhang (2008) demonstrated that the global GPS PW data are useful for identifying and quantifying three kinds of systematic errors in global radiosonde PW data.
Starting in 2005, US National Weather Service (NWS) introduced the new Lockheed Martin Sippican Mark IIA radiosonde to its network to replace the Vaisala RS80H or VIZ-B2 radiosondes at some stations as part of their Radiosonde Replacement System project. Mark IIA radiosonde uses a capacitance aneroid cell for pressure measurements, a chip thermistor, and a carbon hygristor for humidity measurements. The carbon hygristor used in the Mark IIA is much smaller than the one used in VIZ-B2 (Blackmore, personal communication, 2007) . To study the impact of introducing the Mark IIA, the PW comparisons between radiosonde and GPS are made for 2005 and 2006 at two stations (Corpus Christi, Texas and Salt Lake city, UT, USA) where the Mark IIA radiosonde was introduced, and the radiosonde and GPS stations are less than 10 km apart. Figure 2 shows relative PW differences ((IGRA-GPS)/GPS) as a function of PW from GPS for each radiosonde type at two stations. At Corpus Christi, Texas, the VIZ-B2 and Mark IIA were used before and after October 2005, respectively. At Salt Lake City, UT, the Mark IIA was introduced in September 2005. Prior to that the Vaisala RS80H had been used. The Mark IIA shows a dry bias of ∼5-10% in PW at low PWs (less than ∼ 16 mm for Corpus Christi and less than ∼ 25 mm for Salt Lake City), but good agreement with GPS at PWs larger than 16 mm at Corpus Christi (Fig. 2) . The VIZ-B2 and RS80H sensors exhibit moist and dry biases, respectively (Fig. 2) . Note that Salt Lake City is a high altitude site, with an elevation of 1,290 m, and thus has PW values less than 30 mm all year around. Figure 2 suggests that the Mark IIA radiosonde has a dry bias in dry environments, which is consistent with the finding of large frequency of dry bias instances for relative humidity (RH) less than 30% made by Van Cleve and Klimowski (2007) .
The global, 2-hourly GPS PW dataset is also used to evaluate three reanalysis products, namely the NNR, ERA-40 and JRA. The comparisons show that the PW differences are negatively and linearly correlated to the altitude differences between the reanalysis surface level and the GPS stations with correlation coefficients of higher than 0.84 (Fig. 3) . This is expected, and was shown by Morland et al. (2006) for the Alpine region. The outliers in the upper-left quarter on left panels of Fig. 3 are primarily from mountainous GPS stations, and the ones in the lower-right quarter are dominated by GPS stations located at the foot of mountains or in the Fig. 3 The left panels show the scatter plots of mean PW differences (in mm) between three reanalysis datasets and the GPS dataset as a function of differences in reanalysis model surface altitude and GPS station elevation. Each dot represents one station. The linear regression, correlation coefficient (c.c.), number of stations and mean difference are given in the legend. The right panels show the histogram of mean PW differences (in mm) at stations with the surface altitude differences less than 100 m valley of large mountain areas. For stations with the altitude differences less than 100 m that limits the contributions of elevation differences to PW differences, most of stations show drier PWs than the GPS data in NNR and JRA, but slightly wetter PWs in ERA-40 (Fig. 3) .
Three GPS stations, Jozefoslaw in Poland, Wu-Han in China and Macquarie Island, are found to have approximately co-located radiosonde stations and have data available for both the GPS and radiosonde data for the complete 9-year period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . Monthly mean PW comparisons of radiosonde and the three reanalysis products with the GPS data are shown in Fig. 4 . Note that the elevation difference between GPS and radiosonde/reanalysis data is less than 100 m for all three stations, which minimizes the contributions of elevation differences to PW differences. Three main conclusions can be drawn from Fig. 4 . Firstly, similar variability in PW differences is generally observed for radiosonde and the three reanalysis products. This is expected because the same radiosonde data are used by all reanalysis models. Secondly, the differences between radiosonde and GPS values indicate known biases in radiosonde data, and switches from one type to another one. At Jozefoslaw, the dry bias in the RS90 data is larger than that in the RS80A and RS92. The Chinese Shang-M radiosonde used at Wu-Han is characterized by a consistent wet bias due to the slow response of the Goldbeater's skin. At Macquarie Island, a consistent dry bias in the radiosonde data is evident throughout the period. Thirdly, among the three reanalysis products and at all three stations, the JRA is generally the driest one, while the NNR is the wettest one. JRA and ERA-40 agree better with each other than with NNR at Wu-Han and Macquarie Island. The large dry bias in the Vaisala RS90 data at Jozefoslaw is evident in the JRA, but the radiosonde biases at Wu-Han and Macquarie Island are not apparent in the reanalyses.
PW diurnal variations
The diurnal cycle is one of the most pronounced variations, but there has been a lack of data with sufficient temporal resolution to study diurnal variations of water vapor. The 2-hourly GPS PW can fill this gap. Global, Northern Hemispheric (NH), and Southern Hemispheric (SH) area-averaged PW diurnal anomalies are shown for annual, DJF (December, January, and February) and JJA (June, July, and August) in Fig. 5 . The GPS station data are first gridded to a 2.5 • × 2.5 • grid box, and then the area-averaged values are calculated. It should be noted that the values in Fig. 5 do not represent true global or hemispheric means because the GPS stations do not fully sample the globe. PW diurnal variations (peakto-peak amplitudes) account for less than 5% of annual mean PW. Global, NH, and SH annual mean peak-to-peak amplitudes are 0.66, 0.53, and 1.11 mm, respectively, which is an order of magnitude smaller than seasonal variations. For the global and hemispheric averages, PW peaks from noon to late evening. Geographical variations of PW diurnal cycle show that the amplitude is generally smaller at higher latitudes than in the tropics, largest in summer, changes significantly from station to station, and the peak is from noon to mid-night (not shown). Seasonal variations of PW diurnal anomalies along with PW sub-monthly variability are presented for four regions: Europe, southern latitudes (30 • -70 • S), NH Mountains (NH stations with elevations larger than 500 m), and Darwin (three IGS stations in the area, DARR, DARW, and JAB1) (Fig. 6) . The sub-monthly variability is much larger than the diurnal variation. That is not surprising because the sub-monthly variability is mainly a result of weather systems, whereas various competing factors can contribute to the diurnal variation. The sub-monthly variability is strongest in summer in all regions except Darwin, where negligible seasonal variation is found (Fig. 6) . Over Europe the PW diurnal cycle is strongest in summer with a peak-to-peak amplitude of ∼ 1.2 mm, but weakest in spring; the local time of the maximum value makes a transition from early evening (∼2000-2200 LST) in summer to late afternoon (∼1600-1800 LST) in autumn and then to before noon (1000-1200 LST) in winter. The PW diurnal cycle in the southern latitudes, NH Mountains, and Darwin have similar phase in the four seasons (time of maximum from late afternoon to early evening) but different amplitudes. The southern latitudes have the smallest diurnal cycle, while the Darwin region has the largest one, with peakto-peak amplitude greater than 2 mm. Seasonal variations of the PW diurnal cycle are largest in phase over Europe, and largest in amplitude in the mountainous regions and Darwin.
The PW diurnal anomalies and their seasonal variations together with PW's sub-monthly variations over Europe from the three reanalysis products are compared with those from GPS in Fig. 7 . The average in Fig. 7 for the reanalysis products is only applied to grid boxes containing GPS stations. The PW diurnal cycle is very weak and poorly represented in amplitude, phase and seasonal variation in the NNR and JRA. ERA-40 shows a peak about 3 h early than the GPS data in summer, and fails to show the phase transition from summer to winter evident in the GPS data. Examination of individual stations reveals that the PW diurnal cycle among stations has similar phases, but different amplitudes for both the GPS data and reanalysis products. All three reanalysis datasets perform well in predicting sub-monthly variability and its seasonal and diurnal changes.
Conclusions and future needs
A global, 2-hourly PW dataset has been created using the IGS tropospheric products at about 80-370 stations for the period from 1997 to 2006 and will be continually updated. The dataset can be used for a variety of scientific applications in both climate and weather research. Three climate applications are highlighted in this study: quantifying various types of systematic errors in global radiosonde PW data, evaluating three reanalysis datasets and studying the PW diurnal variations over the globe. This GPS-based PW dataset, created from the existing IGS ZTD products provides a valuable, new source of water vapor data for climate and weather studies. As the GPS data accumulate over time, this PW data set will become increasingly useful for studying long-term water vapor trends. In order to continually update the GPS PW dataset and maintain its high quality, it is essential to sustain high-quality IGS ZTD products. Based on the experience with the IGS ZTD products in this and previous related studies, the following recommendations for improving IGS tropospheric products for climate applications are made.
To maintain long-term stability and high quality of the ZTD products
Maintaining long-term stability is very important for the application of the ZTD products to climate studies. For longterm climate applications, the lack of consistency over time in the 2-hourly ZTD products (referred to as the legacy products) is of a particular concern as it results from occasional changes made by individual analysis centers (ACs) in their GPS data handling and their ZTD estimation algorithms (Byun et al. 2005 ). The quality of the legacy ZTD data is also a concern. Starting from October 2000, the 5-min ZTD data at all IGS sites were also generated using the precise point positioning approach (Byun et al. 2005; Humphreys et al. 2005) . The new ZTD product is superior to the 2-hourly legacy product in many ways, including higher accuracy, longterm stability, higher temporal resolution and more stations (Byun et al. 2005) . It is recommended that the IGS commits to continually deliver the 5-min product. In addition, it is also important to better document the IGS products by: (1) including details on data characteristics and how they were derived, (2) maintaining comprehensive metadata to document any changes in instruments, data processing and other factors, and (3) making all documents available to users.
To reduce diurnal biases in the ZTD products
An important application of the 2-hourly GPS PW dataset is studying PW diurnal variations, hence the diurnal bias in ZTD should be minimized. Five out of the seven ACs use the mapping function from Niell (1996) , which does not include mapping function variations on time scales less than one year. The diurnal mapping function error could potentially introduce errors in PW diurnal variations. The diurnal bias in Tm can directly introduce PW diurnal error. The Bevis Tm and surface temperature (Ts) relationship is commonly used to derive Tm (Bevis et al. 1992) . Wang et al. (2005) found that a serious problem in Tm derived from the Bevis relationship is its erroneous large diurnal cycle owing to diurnally invariant Tm-Ts relationship and large Ts diurnal variations, which could result in a spurious diurnal cycle and cause 1-2% daynight biases in GPS-derived PW. Therefore, Tm is calculated using the reanalysis data in our analysis method; and caution has to be exercised when using the diurnally invariant Tm-Ts relationship.
To improve and increase surface meteorology data
Surface meteorology data, especially surface pressure, are required for calculating the dry delay and removing atmospheric pressure loading. Currently there are ∼90 IGS stations that provide surface meteorology data. However, surface meteorology data are often very noisy and cannot be used without careful examination and quality control.
Besides improving the quality of surface meteorology data, more stations with surface pressure and temperature measurements are also needed, especially with the availability of 5-min ZTD data, since only surface meteorology data can provide 5-min surface pressure data to calculate ZHD. Furthermore, co-located surface meteorology data can be very useful for climate process studies. The collaboration between IGS and national/governmental bodies is necessary to improve and increase surface meteorological data.
To co-locate with radiosonde stations
The GPS PW dataset is valuable for monitoring the quality of radiosonde humidity data. However, the displacements of GPS and radiosonde stations in space can make the comparisons complicated because of large variability of humidity in both space and time. Wang et al. (2006) provide an example in La Jolla, CA, USA, where the 9-km separation between GPS and radiosonde stations results in PW differences greater than 5 mm. It suggests that one should be very careful about the comparison between radiosonde and GPS PW if the stations are not co-located; and in the future it is very important to co-locate GPS and radiosonde stations. Such co-location is beneficial to both GPS data processing and radiosonde data quality control, and can be achieved through suitable collaboration between IGS and other national and international bodies. Radiosonde data can be used to derive the mapping function for GPS data processing, and the GPS data are very useful for monitoring the quality of radiosonde humidity data both in real-time and for post-processing.
To increase the spatial and temporal coverage
The IGS network shown in Fig. 1 has a sparse spatial coverage, which can introduce systematic biases in the estimation of global and hemispheric mean values, based on our comparisons with satellite PW datasets (Wang et al. 2007) . Therefore, it is recommended to add more IGS stations and integrate other regional GPS networks into the IGS network, such as the integration of the US SuomiNet data into the IGS data, as was done in this study. In addition, incomplete temporal coverage in the IGS ZTD data makes it difficult to calculate monthly, seasonal, or even annual mean values.
In future, data gaps should be minimized, and special efforts made to improve the temporal coverage of the IGS ZTD data.
